a plausibility argument to lump the effect of the interaction by introducing Eefr in the last term of (3). The argument being that due to the high void ratio, the property of the rock medium is better represented by the effective modulus of the fractured rock than by the modulus of the intact rock. Equation (2) is the weak interaction limit when void ratio is small, and ( An actual calculation using random numbers showed that (d ø) is about one and a half times that of (de)(d). The approximation that they are equal together with the approximation in (5) will introduce a numerical constant in the last term of (6). It will be clear from the discussion following (8) that whether this constant is one as shown in (6) or otherwise will have absolutely no effect in all the results derived from the physical model proposed here. Note that (6) gives the impossible result of negative E•fr if (d) > Az/•r. Very large (d) corresponds to the physical limit of a fracture with no contact area, which is the strong interaction limit of the physical model. This limit is not described properly by (3) from which (6) is deduced. The physical picture implied by (6) is illustrated schematically in Figure 6 , which is an attempt to portray a portion of fracture shown in Figure 5 at different stages of normal stress. The crack length 2d is defined as the distance between two adjacent areas where the two fracture surfaces come into contact. These areas of contact are simply the asperities, as shown in Table I to show that the correction becomes negligible as the ratio re/rw becomes large. On the other hand, these results indicate that for rock samples whose dimensions are such that the outer radius is less than 7 times the well bore radius, the assumption that flow is radial is probably a poor approximation.
CALCULATION OF FRACTURE FLOW AS A FUNCTION OF STRESS
From (6), (7), and (8), we have shown that stress-displacement measurements for fractured rock can be used to at-(19) rive at aperture functions for different values of normal stress.
Furthermore, (23) and (24) indicate that when a fracture can be characterized by an aperture function, a statistical averag- ing of the variation in aperture over the entire fracture may be carried out to obtain the fluid flow. In the following, we shall consider the application of this theory to specific cases where experimental measurements are available. lwai [1976] To determine the aperture distributions, analytic functions were fitted to the stress displacement data in Figures 7-9 . The effective and intrinsic Young's moduli for each material at different stages of stress were computed from the derivative of these functions, using (1). Equation ( plotted as points in Figure 10 , and analytic functions, represented by the solid lines, were fitted to these points. The asperity height distribution function n(h) was then computed using (8), from which we evaluated the aperture averages in (23) and (24).
A further assumption was necessary to simplify the actual computations. In a real fracture, the variation of the aperture is expected to be spatially random, and thus, the same set of 
2•r Pg ( b 3 ) [H(r,0 -H(t'e)] Q(r,) ---[ In (r,/rw) 12• (27)
for radial flow.
The statistical average for the variation in aperture was computed from (b3(AV, o)) = [•o%-aV'(bo-AV-h)3n(h) dhl/[•o%n(h (28)
The maximum aperture bo of the fracture at zero stress can be Table 2 .
DISCUSSION-OF RESULTS
Since our present theory involves no flow data fitting, the agreement between theory and flow data displayed in Figures  11, 12, 16 , and 17 has some important implications. It indicates that our theory probably contains the essential physics that is relevant to the problem of fracture flow coupled with stress. The theory contains several simplifying assumptions, but it does not depend on an arbitrary adjustable parameter. The lack of any fitting parameters in the interpretation of flow versus stress data is the key difference between this work and previous studies [Gangi, 1978; Witherspoon et al., 1980] . Our physical theory requires the input of (1) the stress-displacement data for both the unjointed and jointed rock, and sultant Nc(A F) for marble is probably a poor representation of plate representation of a rock fracture is probably inadequate the actual roughness profile of the fracture walls, thus giving in analyzing flow through a fracture that is defoming under rise to errors in the prediction of flow (Figure 13 ). Further-stress. Roughness in the fracture walls plays a definite role in more, the nonsmoothness of the theoretical flow curve in Fig-affecting the flow. In the parallel plate model for a fracture, ure 13 is further evidence of noise in the stress-displacement the flow is proportional to the fracture aperture cubed. When data for marble. Of course, one may choose to fit the stressdisplacement data numerically rather than by an analytic function which will require numerical integration of (28). It is conceivable that such a procedure could produce a better fit to the resultant flow. However, since it is not clear whether the anomaly in the stress-displacement data as shown in Figure 9 was actually physical or experimental in nature and since the emphasis of this present study is on the understanding of the physical processes rather than the exact fitting of curves, we did not pursue this matter further, but devoted our efforts to calculations on granite and basalt. Finally, the use of extrapolated values for n(h) in the range of h from 0 to (bo -A Vm) introduces error in the theoretical calculation of flow, especially in the region of high stresses. However, the significance of the error introduced by this approximation can only be assessed after our theory is compared with much more data. It appears then that given relatively noise-free stress displacement data, our theory can predict flow behavior in reasonable agreement with measurements. Both a 'void' and an 'asperity' description of the fractures were used in the theory. The former is suited to the mechanical property and the latter to the hydrological property of the rough-walled fracture. The physical picture that emerges from such a model is that at zero applied stress, the fracture is propped open by only a few tall asperities, giving rise to very long average 'crack' lengths; therefore the elastic property of the jointed rock appears to be extremely soft at low applied stresses. At higher stresses, the number of asperities in contact increases rapidly, causing a rapid decrease in the average crack length; thus the Young's modulus of the jointed rock approaches that of the intact rock.
The fact that the fractional contact area at the maximum applied stress of 20 MPa is of the order of 0.15 is of interest. While the stress-displacement measurements indicate that the Young's modulus of the jointed rock becomes almost identical to that of the intact rock at this stress level, the fracture is far from being 'closed'; only about 15% of the fracture surfaces are in contact. The mechanical property of the fracture becomes indistinguishable from that of the intact rock not because the fracture is 'closed' but because the average crack length under increased load has shortened sufficiently, causing the voids in the fracture to deform from elongated shapes (Figures 4 and 5) to voids more like spheroids. Thus, with respect to its elastic property, the fracture behaves very much like an intact rock; but with respect to its hydraulic property, the effect of roughness in the fracture walls is taken into account, the flow still follows an equivalent 'cubic' law with the single value for the aperture replaced by a statistical average. Furthermore, in radial flow geometry, an additional correction factor due to rock sample size also arises. The correction factor developed here suggests that flow measurements performed on rock samples with sample diameter over well bore ratio that is much smaller than 7 will probably give results significantly different from measurements performed on larger samples.
In this study, we included the effect of fracture roughness in a physical model, from which flow through the fracture as a function of stress was calculated. Given the stress-displacement data (for both fractured and unjointed rock) and the approximate fractional contact areas at any specified stress, we have developed a procedure for determining roughness profiles of fractures at different levels of stress. One interesting observation from this study is that the fracture probably cannot be 'closed' completely unless the applied normal stress is extremely high. In developing this model, we have made several simplifying assumptions with the main objective of eliminating arbitrary adjustable parameters from the theory. The success in interpreting different aspects of available data on granite and basalt seems to indicate that the model is physically sound. The physical insight gained in this study is significant. It is now possible to understand how the roughness profile of a fracture changes with the application of normal stress; one can also predict the resultant flow through the fracture, since it is mainly governed by the geometry of this profile. In future work, we hope to extend the concept developed here to apply to fractures under normal plus shear stresses and to networks of fractures. 
APPENDIX
where k i is the spring constant of the jth asperity, n(hi) is the number of asperities with height hi, and the summation sums only over the asperities whose heights at zero applied stress are greater than (bo -A IO. To a first approximation, the spring constant may be expressed in terms of the intact rock Young's modulus E, the asperity height, and the asperity cross-sectional area sj = aft,
